The expression of the bone morphogenetic protein antagonist, Gremlin 1, was recently shown to be increased in the lungs of pulmonary arterial hypertension patients, and in response to hypoxia. Gremlin 1 released from the vascular endothelium may inhibit endogenous bone morphogenetic protein signaling and contribute to the development of pulmonary arterial hypertension. Here, we investigate the impact of Gremlin 1 inhibition in disease after exposure to chronic hypoxia/SU5416 in mice. We investigated the effects of an antieGremlin 1 monoclonal antibody in the chronic hypoxia/SU5416 murine model of pulmonary arterial hypertension. Chronic hypoxic/SU5416 exposure of mice induced upregulation of Gremlin 1 mRNA in lung and right ventricle tissue compared with normoxic controls. Prophylactic treatment with an antieGremlin 1 neutralizing mAb reduced the hypoxic/SU5416-dependent increase in pulmonary vascular remodeling and right ventricular hypertrophy. Importantly, therapeutic treatment with an antieGremlin 1 antibody also reduced pulmonary vascular remodeling and right ventricular hypertrophy indicating a role for Gremlin 1 in the progression of the disease. We conclude that Gremlin 1 plays a role in the development and progression of pulmonary arterial hypertension in the murine hypoxia/SU5416 model, and that Gremlin 1 is a potential therapeutic target for pulmonary arterial hypertension. Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by an imbalance of vasoactive factors and the progressive development of complex, obliterative vascular lesions of the precapillary pulmonary circulation. The consequent increased pulmonary vascular resistance leads to increased right ventricle (RV) afterload, fibrosis, ischemia, cardiac failure, and ultimately death.
The expression of the bone morphogenetic protein antagonist, Gremlin 1, was recently shown to be increased in the lungs of pulmonary arterial hypertension patients, and in response to hypoxia. Gremlin 1 released from the vascular endothelium may inhibit endogenous bone morphogenetic protein signaling and contribute to the development of pulmonary arterial hypertension. Here, we investigate the impact of Gremlin 1 inhibition in disease after exposure to chronic hypoxia/SU5416 in mice. We investigated the effects of an antieGremlin 1 monoclonal antibody in the chronic hypoxia/SU5416 murine model of pulmonary arterial hypertension. Chronic hypoxic/SU5416 exposure of mice induced upregulation of Gremlin 1 mRNA in lung and right ventricle tissue compared with normoxic controls. Prophylactic treatment with an antieGremlin 1 neutralizing mAb reduced the hypoxic/SU5416-dependent increase in pulmonary vascular remodeling and right ventricular hypertrophy. Importantly, therapeutic treatment with an antieGremlin 1 antibody also reduced pulmonary vascular remodeling and right ventricular hypertrophy indicating a role for Gremlin 1 in the progression of the disease. We conclude that Gremlin 1 plays a role in the development and progression of pulmonary arterial hypertension in the murine hypoxia/SU5416 model, and that Gremlin 1 is a potential therapeutic target for pulmonary arterial hypertension. Pulmonary arterial hypertension (PAH) is a life-threatening disease characterized by an imbalance of vasoactive factors and the progressive development of complex, obliterative vascular lesions of the precapillary pulmonary circulation. The consequent increased pulmonary vascular resistance leads to increased right ventricle (RV) afterload, fibrosis, ischemia, cardiac failure, and ultimately death. 1e7 Current therapeutic approaches for the treatment of chronic pulmonary hypertension principally address vascular tone and thus provide symptomatic relief with little improvement in prognosis. 1e3,6,8 Although the fundamental molecular pathogenesis of this disease process remains poorly understood, a significant breakthrough was made with the identification of heterozygous loss-of-function mutations in the bone morphogenetic protein receptor type 2 (BMPR2) as the genetic abnormality underlying the rare heritable form of PAH. Furthermore, BMPR2 expression is markedly reduced in patients with idiopathic forms of the disease in the absence of BMPR2 mutations. 6,9e13 These mutations cause attenuation of the normal cellular responses to bone morphogenetic proteins (BMPs) in the lung (eg, BMP2 and BMP4), resulting in pulmonary hypertension. 6, 10, 12, 14 The BMPs bind to transmembrane receptors formed by dimerization of BMPR1 and BMPR2, after which the intracellular kinase domain of BMPR2 phosphorylates its BMPR1 partner, thus initiating downstream signaling, including phosphorylation of Smad1/ 5/8. 15 Subsequent studies reported that reduced BMP signaling was found in many nongenetic animal models of pulmonary hypertension, including hypoxic pulmonary hypertension. 6, 9, 16, 17 Using a microarray screening approach, Costello et al 15, 18 previously identified Gremlin 1 as one of a cluster of genes whose transcription was selectively increased in hypoxic pulmonary endothelial cells but was unchanged in the cardiac endothelial cells exposed to hypoxia. This gene was of particular interest, as it encodes a glycoprotein member of a large family of secreted BMP antagonists. 15, 19 Gremlin 1 binds with high affinity to BMP2 and BMP4, and inhibits their activity. Both BMP2 and 4 play a role in the homeostasis of normal circulation. 19 Cahill et al 19 have recently demonstrated that Gremlin 1 haplodeficient mice were protected against hypoxia-induced increases in pulmonary vascular resistance. This raises the possibility that increased expression of Gremlin 1 contributes to decreased BMP signaling and PAH development, suggesting that antagonizing Gremlin 1 may offer a novel therapeutic opportunity. The murine chronic hypoxia model fails to reproduce the more complex vessel remodeling pathophysiology typical of pulmonary hypertension. Furthermore, prevention of mild pathology development does not equate with a potential therapeutic effect on established, more severe, pulmonary vascular lesions. Therefore, we sought to further investigate the involvement of Gremlin 1 in PAH patients and in the more severe mouse hypoxia/SU5416 preclinical model of PAH. Using a neutralizing antie Gremlin 1 antibody, we investigated the impact of either preventing the development of complex PAH pathologies, or treating those established, in the chronic hypoxia/SU5416 murine model of PAH.
Materials and Methods

Reagents
Vascular endothelial growth factor receptor 2 (VEGFR2) inhibitor, SUGEN (SU5416; S8442), was purchased from Sigma-Aldrich (Poole, UK). Recombinant human (rh) Gremlin 1, BMP2, BMP4, BMP7, and antieGremlin 1 antibody were purchased from R&D Systems (Minneapolis, MN, and Abingdon, UK). Phospho-Smad1/5/8 antibodies were obtained from Cell Signaling Technology (Hitchin, UK). GAPDH antibody was obtained from Sigma-Aldrich. All primary antibodies used in this study are detailed in Table 1 . IR 680 and IR 800 secondary antibodies were obtained from Li-Cor (Cambridge UK). Human microvascular endothelial cells (HMVECs) and pulmonary arterial smooth muscle cells (PASMCs) were obtained from Promocell (Heidelberg, Germany), and additional PASMCs were purchased from Lonza (Slough, UK). TaqMan probes (detailed in Table 2 ) were obtained from Applied Biosystems (Warrington, UK).
Generation and Purification of AntieGremlin 1 mAbs
A generation of antieGremlin 1 antibodies were initially attempted in hamsters. Attempts were unsuccessful, possibly due to high sequence identity between species; although hamster gremlin 1 sequence is unknown, mature mouse and rat gremlin 1 are 100% identical, with a 98.75% sequence homology with mature human gremlin. Therefore, we used Escherichia colieexpressed mature mouse Gremlin 1, which lacks glycosylation and is inactive in a luciferase reporter gene assay (RGA) for antibody generation. The E. colieexpressed mouse Gremlin protein was immunized in Bcl-2 transgenic mice (Jackson Laboratory, Bar Harbor, ME) using a repetitive immunization at multiple sites protocol. 20 Lymphocytes from peripheral lymph nodes of immunized mice were fused with F0 myeloma cells (ATCC, Manassas, VA). Hybridoma 
Hs01879841_s1 GAPDH 4333764F ajp.amjpathol.org -The American Journal of Pathology supernatants were screened against mammalian expressed, active mouse Gremlin 1 by ELISA. Positive clones were further subcloned to isolate mAbs. The mAbs were purified from serum-free conditioned media using Protein G resin. Neutralizing mAbs were identified by RGA with active mouse gremlin. Cross-activity to mammalian-expressed, active human gremlin 1 (R&D Systems, Abingdon, UK) was determined by ELISA, Biacore analysis, and RGA.
Reporter Gene Assay
HEK 293T cells were transfected with the BRE-Luc gene construct and stable clones were selected. Cells were seeded in a 96-well or 384-well assay plate at 5 Â 10 5 cells/mL and grown overnight at 37 C with 5% CO 2 . Antibody and rhGremlin 1 were pre-incubated for 1 hour at room temperature. The mAbeGremlin 1 mixtures were transferred to the assay plate containing cells, followed by the addition of rhBMP-4. The plates were continuously incubated for 20 hours. Luciferase activity was measured using Bright-Glo (Promega, Southampton, UK, and Madison, Wisconsin, US).
In Vivo Experimental Design
All animal procedures were conducted in accordance with the British Home Office regulations (Scientific Procedures) Act of 1986, United Kingdom. Animals were housed at 24 C in a 12-hour light-dark cycle. Food and water were accessible ad libitum. Adult male and female C57/Bl6 mice (n Z 10 per group; 20 AE 2.5 g) were injected s.c. with SU5416, which was suspended in CMC [0.5% (w/v) carboxymethylcellulose sodium, 0.9% (w/v) sodium chloride, 0.4% (v/v) polysorbate 80, 0.9% (v/v) benzyl alcohol in deionized water]. Control mice received only the vehicle. The prophylactic treatment protocol consisted of single weekly injection of SU5416 at 20 mg/kg. The animals were exposed to chronic normobaric hypoxia (10% O 2 ) in a ventilated chamber for 21 days. Additional groups of animals received antieGremlin 1 mAb (16E3-2-1) every 3 days (10 mg/kg i.p., dissolved in PBS) or mIgG1 placebo. For the therapeutic setting, the mice were similarly kept in hypoxic conditions under SU5416 exposure for 3 weeks, with a further exposure for 3 weeks to only hypoxia during the antibody treatment. Normoxic (Nx) controls were kept in room air. At the end of the treatment period, mice were anesthetized, and PAH pathology was assessed via echocardiography, hemodynamics, hypertrophy, histology, and molecular pathway profiling.
Hemodynamic and RV Hypertrophy
After treatments, right ventricular pressure (RVP) and right ventricular hypertrophy (RVH) measurements were done as described. 21 Briefly, RVP was measured by a catheter inserted into the RV via the right jugular vein and mean systemic arterial pressure was recorded noninvasively using the CODA tail-cuff method. The RV was separated from the left ventricle plus the septum, and the weight ratio was determined to provide a measure for the RV hypertrophy. 21, 22 After hemodynamic measurements, peripheral venous blood samples were collected and lung tissue was processed for histological and molecular profiling.
Echocardiographic Assessment
Echocardiographic assessments were performed by ultrasound on 2% isoflurane-anesthetized animals as previously described. 21 Motion mode analysis was then used in short axis to measure RV wall thickness during diastole. The cardiac function was further analyzed by cardiac output. Analysis was performed using EchoPAC dimension software (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Histology and IHC
Lung tissue preparation, sectioning, staining, and vascular morphometry were done as described. 21 Immunohistochemical (IHC) staining was performed with the BenchMark XT (Ventana Medical Systems Inc., Tucson, AZ). The degree of muscularization of small pulmonary vessels (10 to 100 mm diameter) was assessed by double immunostaining the sections with an anti a-smooth muscle actin antibody and anti-mouse von Willebrand factor (vWF) anitbody. Lung tissue sections (3 mm) were stained with antieGremlin 1 and PSmad1/5/8 antibody. Antibody dilutions are detailed in Table 1 . The epithelium was excluded from analysis. Presented values are the mean of 10 fields taken from 10 lung sections per mouse (n Z 10). All samples were scored simultaneously and blinded to the study conditions. The percentage of small vessels (<100 mm) with occlusive intimal lesions was determined in airway perfusion-fixed lungs and stained with a-smooth muscle actin and vWF antibody. An occlusive lesion was defined by an intimal layer occupying more than 50% of the lumen plus intima diameter. For Phospho-Smad1/5/8 analysis relative positivity (positive pixels divided by total of positive and negative pixels of lung section excluding epithelium) was analyzed using Imagescope software version 10.2.2.2319 (Aperio Technologies, Oxford, UK). Presented values were the mean of 10 fields (magnification Â40 toÂ63) taken from 10 lung sections per mouse (n Z 10). All samples were scored simultaneously and blinded to the study conditions.
Protein Isolation and Immunoblotting
Protein extraction from mouse lungs and Western blot analysis were performed as previously described. 21 Blots were probed with rabbit anti-P Smad1/5/8 Ab, (Cell Signaling) and antieGremlin 1 antibody (R&D Systems, Abingdon, UK), and anti-mouse GAPDH (Sigma-Aldrich) served as a loading control (Table 1) . IR 680 and IR 800 secondary antibodies were obtained from Li-Cor. Densitometric analysis of
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Gene Expression Studies
Total RNA was purified from crushed whole lung using the Qiagen RNeasy mini kit (Qiagen, Crawley, UK), according to the manufacturer's instructions, and 500 ng of total RNA was transcribed to cDNA using QuantiTect Reverse Transcription (Qiagen). Quantitative real-time RT-PCR was performed with the Sequence Detection System ABI Prism 7700 (Applied Biosystems, Warrington, UK) using TaqMan Universal PCR Master Mix, No AmpErase UNG (Part No. 4324018) and the following gene expression assays: Grem1, BMPR2, and GAPDH. Samples from animals (n Z 4) were analyzed in triplicate. Levels of gene expression in each sample were determined with the comparative Ct method. The gene expression assays details are listed in Table 2 .
Clinical Material for IHC Analysis
The study was approved by the local research ethics committee, and all participants gave informed written consent. Patients with a confirmed diagnosis of idiopathic or heritable PAH were prospectively recruited at Papworth Hospital (Cambridge, UK) from 2001 to 2007. Idiopathic PAH was defined by mean pulmonary artery pressure of >25 mmHg at rest with a pulmonary capillary wedge pressure of 15 mmHg with no underlying cause for PAH (Venice classification 1a).
14 Control subjects were nondiseased sections from lung cancer cases. IHC was performed as described earlier.
Gene Expression Analysis in Secondary PAH Patients
We acknowledge the use of human tissues provided by the National Disease Research Interchange (NDR, Philadelphia, PA). Tissue was homogenized using GentleMax dissociator (Milltenyi, Surrey, UK) in RLT buffer from RNeasy Plus RNA extract kit (Qiagen), according to the manufacturer's instructions and as described earlier.
Cell Culture of HMVECs and PASMCs
HMVECs and PASMCs were obtained from Promocell; additional pulmonary arterial smooth muscle cells were purchased from Lonza. Cells were maintained as previously described. 23 Immunofluorescent Analysis of Phospho-Smad1/5/8 and Analysis by High Content Screening PASMCS were grown in 96-well Cell-Bind plates (Costar; Thermofisher Scientific, Basingstoke, UK) and treated for 1 hour with 80 ng/mL BMP4, AE1 mg/mL rh Gremlin 1 for 1 hour, AE10 mg/mL antieGremlin 1 mAb 16E3-2-1. PASMCs were fixed and stained with an antiephospho-smad1/5/8/Ab, and Hoechst dye. Quantification of phospho-smad1/5/8/and Hoechst staining in PASMCs was analyzed using ImageXpress (model IX5000) and MetaXpress software version 2.0.1.14 (both from Molecular Devices, Sunnyvale, CA).
Statistical Analysis
Statistical tests and graphs were performed using GraphPad (La Jolla, CA) Prism software version 5.0. P < 0.05 was considered significant. Data presented are means AE SEM for 5 to 10 animals per group. Significance of the in vivo 
Results
Gremlin 1 Expression Increases in the Plexiform Lesion of PAH Patients
To assess protein expression of Gremlin 1 in the human lung, we performed IHC studies. In PAH and control patients, Gremlin 1 was noted in endothelial cells of small pulmonary arteries and co-localized with expression of the endothelial marker vWF ( Figure 1A ) (pulmonary vascular lesions). In PAH lungs, Gremlin protein expression was strong in plexiform lesions ( Figure 1B and Supplemental Figure S1 ). There were no differences in the cellular expression pattern of Gremlin 1 in PAH endothelium compared to controls (Supplemental Table S1 and Supplemental Figure S2 ). Expression analysis confirmed that Gremlin 1 mRNA is higher in HMVECs compared with PASMCs, again supporting a role for Gremlin 1 as an endothelial released factor ( Figure 1C ). In contrast, in PAH donors, BMPR2 expression is highest in PASMCs, suggesting that endothelial released Gremlin 1 may regulate BMP signaling in adjacent smooth muscle cell layers ( Figure 1C) . Interestingly, RT-PCR analysis of whole lung homogenate from secondary PAH patient samples also showed increased Gremlin 1 expression compared to control patients, although this did not reach statistical significance, probably due to the low patient number (n Z 3) or vascular localization, which cannot be detected in a whole lung assay ( Figure 1D ).
Gremlin 1 Expression Increases in the Lungs and RV of Mice Exposed to Chronic Hypoxia/SU5416
Chronic hypoxia with the addition of a weekly injection of SU5416were used to model more severe, complex PAH pathologies than can be obtained using hypoxia alone, including medial wall hypertrophy and various degrees of neointimal thickening and occlusion 21 ( Figure 2A ). Hemodynamic and RV hypertrophy analyses, as a measure of PAH pathology, showed that a combination of SU5416 with chronic hypoxia exacerbates RV pressure rises and RV hypertrophy in response to hypoxia, as previously demonstrated. 21 Nx mice treated with SU5416 did not show elevated RVP or RVH when compared to vehicle-treated controls. 21 Exposure to hypoxia was associated with a significant rise in lung Gremlin 1 mRNA levels and SU5416 treatment further potentiated this effect ( Figure 2B) . Evaluation of housekeeping genes for quantitative mRNA analysis by TaqMan is shown in Supplemental Figure S3 , and the induction of Gremlin mRNA by hypoxia alone is shown in Supplemental Figure S4 . As PAH causes changes in cardiac physiology, we also looked at Gremlin 1 expression in the RV of mice exposed to hypoxia/SU5416. Gremlin 1 mRNA expression in the RV was much lower than in the lung ( Figure 2C) ; however, Gremlin 1 was significantly upregulated after hypoxia/SU5416 exposure ( Figure 2D ). IHC analysis of the mouse lungs shows a trend toward increased Gremlin 1 protein in hypoxia/SU5416etreated animals compared to control tissue. Similar to human PAH lung samples (Figure 1 ), Gremlin 1 expression is localized predominantly to the endothelial cells, with little expression in smooth muscle cell layer ( Figure 2E ).
Characterization of an Anti-Gremlin mAb
To investigate the role of Gremlin 1 in the in vivo model of hypoxia/SU5416, we developed an antieGremlin 1 Figure 2 Gremlin 1 expression is increased in lungs and right ventricular (RV) tissue of mice exposed to chronic hypoxia/SU5416. A: Experimental setup to study the time course of SU5416 effects on pulmonary vessels; adult male C57/Bl6 mice were injected once weekly with SU5416 (20 mg/kg s.c.) or vehicle followed by exposure to chronic normobaric hypoxia (10% O 2 ) in a ventilated chamber for 3 weeks. The normoxic groups were kept in room air. B: Lung changes in mRNA expression of Gremlin 1 normalized to GAPDH in response to normoxia/hypoxia plus vehicle (CTL)/SU5416 (SU).C: Comparative analysis of Gremlin 1 mRNA expression in lung and RV. D: RV changes in mRNA Gremlin 1 normalized to GAPDH in response to normoxia/hypoxia plus vehicle. Quantitative changes in gene expression were analyzed by RT-PCR (DDCt method). Each bar shows means AE SEM of four animals per group. E: Representative of high magnification images of IHC staining in mouse lung tissue for Gremlin 1. Arrows indicate positive staining in the endothelium. Statistical significances were determined using Student's t-test. *P < 0.05, **P < 0.01, and ***P < 0.001. Original magnification, Â20 (E).
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Prophylactic Effects of AntieGremlin 1 Antibody on PAH Pathology Is Observed in Hypoxia/SU5416 Mice
To test the hypothesis that Gremlin 1 contributes to the development of pulmonary hypertension in vivo, we examined the changes in pulmonary vascular remodeling, hemodynamics, and heart function in response to sustained hypoxia/SU5416 exposure in mice in the presence of the Gremlin 1 neutralizing mAb 16E3-2-1. Animals (n Z 10) were treated every 3 days with 10 mg/kg Gremlin 1 neutralizing mAb 16E3-2-1 or mouse IgG1 isotype control and were exposed to hypoxia for 21 days ( Figure 4A ). The dosing regime was based on the pharmacokinetic profile of 16E3-2-1 showing a 6-day half-life following i.p. dosing in mice (Supplemental Figure S5 ). Animals treated with 16E3-2-1 showed a modest increase in phosphorylation of Smad1/5/8 in the endothelium, suggesting that antieGremlin 1 mAb treatment increased BMP signaling within the vasculature (Figure 4, B and C) .
Vessel muscularization is a key component of pulmonary hypertension and, given the potential for endothelialreleased Gremlin 1 to regulate BMP signaling in the smooth muscle cell layer within both the clinical samples and preclinical model, we investigated the impact of 16E3-2-1 on hypoxia/SU5416einduced vessel remodeling. We quantified the degree of muscularization in pulmonary arterioles of a diameter between 10 and 100 mm. Examination of lung asmooth muscle actin and vWF staining in Nx control lungs revealed that the majority of vessels were non-muscularized ( Figure 4 , D and E). In the hypoxia/SU5416eexposed HEK293 cells were stably transfected with the BMP reporter BRE-Luc (BMP response element fused to luciferase reporter) construct and BMP4 stimulation induced luciferase activity, which was reduced in cells treated with rmGremlin 1. Treatment with 16E3-2-1 mAb restores BMP-mediated increases in BRE-LUC activity in a dose-dependent manner in cells treated with both BMP4 and rmGremlin. C: Immunofluorescence analysis of pulmonary arterial smooth muscle cells (PASMCs) treated with BMP4 and recombinant human (rh)Gremlin. PASMCS were grown in 96-well cell bind plates and treated for 1 hour with 80 ng/mL BMP4, AE1 mg/mL rhGremlin 1 for 1 hour, AE10 mg/mL antieGremlin 1 mAb 16E3-2-1. PASMCs were fixed and stained with an anti phospho-smad1/5/8/antibody and Hoechst dye. Phospho-smad1/5/8 nuclear translocation is seen as a pink nucleus. D: Quantification of phosphosmad1/5/8/and DAPI staining in PASMCS using high content screening. Each bar shows means AE SEM of two independent experiments performed in triplicate. Similar results were seen with different PASMC donor cells (data not shown). Statistical significance was determined using Student's t-test. *P < 0.05. Original magnification, Â10 (C). ajp.amjpathol.org -The American Journal of Pathology animals, a dramatic increase in fully-muscularized pulmonary arterioles occurred with a concomitant decrease in nonmuscularized vessels (Figure 4 , D and E). Treatment with 16E3-2-1 resulted in a significant reduction in fullymuscularized arterioles with an associated increase of nonmuscularized vessels (Hx/SU/16E3-2-1 versus Hx/SU/mIgG1; P < 0.05) ( Figure 4E ).
Severe pulmonary vascular remodeling results in RV dysfunction, and treatments that modulate pulmonary vascular pathology should improve indices of cardiac function. In chronically hypoxic mice, severe PAH developed within 21 days, which was characterized by a significant increase in RVP as compared with Nx animals (>45 mmHg RVP; Hx/SU versus Nx/SU; P < 0.01). Treatment with 16E3-2-1 significantly reduced the RVP in Hx/SU mice (Hx/SU/16E3-2-1 versus Hx/SU/mIgG1; P < 0.05) ( Figure 5A ). In the hypoxia/SU5416 groups, significant RVH developed as a consequence of increased RVP. The ratio of RV weight to left ventricular plus septum weight increased from 0.20 (Nx/SU) to 0.35 (Hx/SU group; P < 0.05). Treatment with 16E3-2-1 caused a reduction of this ratio to 0.25 (Hx/SU/16E3-2-1 versus Hx/SU/mIgG1; P < 0.05) ( Figure 5B ). Nx mice treated with SU5416 did not show elevated RVP or RVH when compared to vehicle-treated controls ( Figure 5, A and B) . Systemic blood pressure did not significantly change in any of the treatment groups ( Figure 5C ). Mice exposed to hypoxia/SU5416 showed an increase in the RV diastolic thickness (Hx/SU/16E3-2-1 versus Hx/SU/mIgG1; P < 0.05), which was significantly reduced by treatment with 16E3-2-1 ( Figure 5D ). In the 
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Therapeutic Effects of AntieGremlin 1 Antibodies on PAH Pathology Is Observed in Hypoxia/SU5416 Mice
Next, we investigated the therapeutic potential of antie Gremlin 1 mAb for the treatment of established PAH pathology after exposure to chronic hypoxia and SU5416. Mice were kept in hypoxic/SU5416 treatment conditions for 3 weeks, with a further exposure for 3 weeks to hypoxia only during the mAb treatment ( Figure 6A ). PhosphoSmad1/5/8 IHC analysis showed a small increase in vascular expression levels in 16E3-2-1etreated animals compared to control mIgG1etreated mice ( Figure 6, B and  C) . Western blot analysis also demonstrated similar increases in phospho smad1/5/8 levels in total lungs from 16E3-2-1etreated animals ( Figure 6, D and E) . The expression of Id1, a downstream marker of BMP pathway activity was also investigated. TaqMan analysis revealed a significant increase in Id1 mRNA expression in 16E3-2-1etreated hypoxic/SU5416 animals compared to controls ( Figure 6F ), suggesting an enhanced BMP signaling. Interestingly, the increase in Pai1 mRNA (gene induced by transforming growth factor-b signaling pathway) after hypoxic/SU5416 exposure was slightly reduced, although it was not significantly reduced in 16E3-2-1etreated hypoxic mice (P Z 0.09) ( Figure 6G ). Together, these data suggest that treatment with antieGremlin 1 mAb potentiates BMP signaling in this model, which may explain, at least in part, the mechanism of action.
The extent of vascular remodeling, a measure of PAH pathology, showed that by day 21 the majority of pulmonary arteries were FM, a change associated with a concomitant decrease in NM vessels. Similar to the findings when using the prophylactic regime, treatment with 16E3-2-1 after establishment of pathology resulted in a significant reduction in FM arteries after 42 days of hypoxia exposure. This correlated with a significant increase in the percentage of NM pulmonary arterioles ( Figure 7A and B). AntieGremlin 1 mAb had a significant effect on occlusive lesion formation with the number of fully occluded vessels being significantly reduced in 16E3-2-1edosed mice ( Figure 7 , C and D). RVP rose from 25 to 45 mmHg by day 21 of hypoxic/ SU6416 exposure, at which time point Gremlin 1 expression was inhibited for the following 3 weeks of hypoxic exposure alone. Treatment with 16E3-2-1 modestly attenuated the hypoxia/SU5416einduced increase in RVP compared to mIgG1 control mAb (Hx/SU/16E3-2-1 versus Hx/SU/ mIgG1; P < 0.05) ( Figure 8A ). Right heart hypertrophy was significantly increased in hypoxic/SU5416/mIgG1 mice compared with the matched Nx groups, whereas it was significantly attenuated (Hx/SU/16E3-2-1 versus Hx/SU/ mIgG1; P < 0.05) in the animals treated with 16E3-2-1 RVH ( Figure 8B ). Mean systemic arterial pressure did not change in any of the treatment groups ( Figure 8C ). Echocardiographic analysis was used to look at the impacts of antieGremlin 1 therapy on right heart function. Mice exposed to chronic hypoxia and SU5416 showed an increase in the RV diastolic thickness at 42 days (Hx/SU/ mIgG1 versus SU5416; P < 0.05), which was significantly reduced by treatment with 16E3-2-1 (Hx/SU/16E3-2-1 versus Hx/SU/mIgG1; P < 0.05) ( Figure 8D ). Chronic hypoxia/SU5416 exposure decreased the cardiac output (8 mL/min) as compared with control Nx/SU conditions ( Figure 8E ). Mouse subgroups therapeutically treated with 16E3-2-1 showed no significant recovery in cardiac output as compared to control treatment ( Figure 8E ). Heart rate did not significantly change between treatment groups ( Figure 8F ). Figure 5 Prophylactic effects of antieGremlin 1 antibodies on hemodynamics and heart pathology observed in hypoxia/SU5416 (SU) mice. Effects of 16E3-2-1 and mIgG1 on development of RV systolic pressure (RVP; mmHg) (A), RVH (Fulton index, the ratio of RV weight to left ventricular plus septum weight ratio) (B), systemic blood pressure (C), RV diastole thickness (D), aortic cardiac output (CO) (mL/min) (E), and heart rate during 21 days of Hx or Nx exposure (F). Data are means AE SEM for 10 animals per group. Statistical differences are indicated by one-way analysis of variance analysis. *P < 0.05, **P < 0.01, and ***P < 0.001.
Discussion
There is robust clinical evidence of a role for decreased BMP signaling in the development of pulmonary hypertension. 24e26 Germline mutations of BMPR2 have been found in familial and sporadic forms of PAH. 27 Moreover, BMPR2 expression has also been reported to be decreased in both idiopathic and secondary forms of PAH. 25, 26 Costello et al 15 demonstrated an increase in the expression of the BMP antagonist Gremlin 1 in PAH patients at the mRNA level, suggesting another mechanism for decreased BMP signaling. In the present study, we provide further evidence for a role for Gremlin 1 in PAH pathology. We demonstrate that Gremlin 1 is expressed in human lung tissue of patients with PAH, arising predominantly in pulmonary endothelial cells, which is associated with plexiform lesions. Although it is unclear whether Gremlin 1 expression is a driver of endothelial proliferation and lesion formation, or whether increased Gremlin 1 expression is simply associated with the increased number of endothelial cells in these lesions, there is potential for Gremlin 1 released from the endothelial cells to regulate BMP signaling in the adjacent smooth muscle cell layer. Despite the limitations, such as low number and large patient variability, there was clearly a trend toward increased Gremlin 1 mRNA expression in secondary PAH samples. These data support a role for involvement of Gremlin 1 in PAH pathology and a need to assess the potential role of antie Gremlin 1 therapeutic approach in further preclinical and clinical studies. To further understand the Gremlin 1 mechanism of action in PAH pathology development, we investigated the Gremlin 1 expression in the murine hypoxia/SU5416 model of PAH. 21 This model more closely recapitulates the pathological processes of clinical PAH, including complex vascular remodeling and cardiac indices that are not characteristic of alternative mouse models. Consistent with previous reports, we documented an early increase in whole lung Gremlin 1 mRNA expression after exposure to chronic hypoxia and SU5416. 18 Distribution of Gremlin 1epositive cells in the model presented in this study as well as in clinical samples was consistent with data published by Costello et al 18 in which mouse lungs exposed to chronic hypoxia showed Gremlin 1epositive cells were detected largely in the endothelium of small vessels.
However, similar to the patient samples, we did not see a large increase in Gremlin 1 protein expression within the lung on hypoxia/SU5416 induction of PAH. Although Gremlin 1 mRNA expression was very low within the RV, we did see an increase in Gremlin 1 levels in animals exposed to chronic hypoxia plus SU5416, suggesting that Gremlin 1 may also play a role within the cardiomyocytes PAH-related pathology. This novel finding warrants further investigation and supports our data that antieGremlin 1 mAb treatment had a significant impact on cardiac readouts of pulmonary hypertension compared to a control antibody. Chronic hypoxia plus SU5416 only was performed within the experiment, however, as anticipated, the results for chronic hypoxia plus SU5416 and chronic hypoxia plus SU5416 plus mIgG1 were not different, and hence only the mIgG1 data are shown for clarity (data not shown).
The generation of a neutralizing antieGremlin 1 mAb that restored BMP signaling in the presence of recombinant mouse or human Gremlin 1 in vitro allowed us to further investigate the role of Gremlin 1 in the development and progression of PAH in the hypoxia/SU5416 preclinical model. To test the hypothesis that Gremlin 1 is involved in the development of PAH in response to chronic hypoxia/SU5416 we examined the changes in pulmonary vascular remodeling, hemodynamics, and heart function using an antieGremlin 1 mAb. In the hypoxia/ SU5416eexposed mice, moderate-to-severe PAH developed within 21 days and antieGremlin 1 antibody treatment reduced the increase in RVP. Treatment did not affect systemic blood pressure, suggesting a lack of systemic vasodilatory effect. Consistent with similar studies, 27 we previously showed that the combination of SU5416 and chronic hypoxia affected only the lung vasculature and not the vasculature of other organs. Based on these reports, we predict that any effects of the antie Gremlin 1 mAb are mediated via the lung tissue. Muscular cardiac hypertrophy was significantly decreased in Figure 7 Therapeutic effects of antieGremlin 1 antibody on vascular remodeling observed in hypoxia/SU5416 mice. A: The degree of muscularization is demonstrated by vWF (brown) and a-smooth muscle actin (SMA) (red) staining for identifying endothelium and vascular SMCs in small pulmonary arteries following 21 days treatment with 16E3-2-1 and mIgG1 during 42 days of Nx/Hx environment. B: Effect of 16E3-2-1 on occlusive pulmonary lesions in Hx/SU5416 PAH. Representative image of an a-SMAestained occlusive pulmonary lesion in the Hx/SU5416/mIgG1 PAH (exposure, original magnification Â20). C: Morphometric analysis for specific staining quantification of vascular muscularization. Statistical differences were determined by one-way analysis of variance. *P < 0.05 Hx/SU/mIgG1 versus Nx/SU; y P < 0.05 Hx/SU/ 16E3-2-1 versus Hx/SU/mIgG1. D: Morphometric analysis for vessel occlusion. Results are expressed as means AE SEM (n Z 10). Statistical differences were determined by analysis of variance. z P < 0.05, zz P < 0.01. ajp.amjpathol.org -The American Journal of Pathology hypoxic mice treated with antieGremlin 1 mAb. Similarly, hypoxic/SU5416 animals treated with the antie Gremlin 1 mAb showed a reduction in RV diastole thickness, although there was no impact on cardiac output implying less impact on the heart failure process as a measure of end stage disease in the model. We also investigated the impact of antieGremlin 1 treatment on vessel pathology, looking at vessel muscularization. Histological analysis demonstrated that the percentage of partial and fully muscularized arterioles in hypoxia/ SU5416 mice were greater than those in the control group and nonmuscularized vessels were dramatically reduced, as previously described. 21 Treatment with antieGremlin 1 mAb resulted in a significant reduction in fully muscularized vessels, demonstrating a role for Gremlin 1 in preventing vascular remodeling in this preclinical model. Similarly, data from Cahill et al 19 demonstrated that haplodeficiency of Gremlin1 augmented BMP signaling in the hypoxic mouse lung and reduced pulmonary vascular resistance by attenuating vascular remodeling.
Despite only a modest increase in phosphorylated Smad1/ 5/8 after antieGremlin 1 mAb treatment, inhibition of Gremlin1 in a prophylactic regime had a significant impact on disease development, as demonstrated by reduced vascular remodeling and RVH hypertrophy. Given the expression of Gremlin 1 within the endothelium, and the proposed role of endothelial damage in the development of PAH, we investigated the therapeutic potential of antie Gremlin 1 antibodies for the treatment of established PAH pathology after exposure to chronic hypoxia and SU5416. Similar to prophylactic treatment, we demonstrate a positive effect of antieGremlin 1 mAb treatment in reduction of RV pressure, although this effect was less pronounced compared to prophylactic treatment. However, treatment with antie Gremlin 1 mAb demonstrated a more robust impact on increased RV hypertrophy and RV diastole thickness after hypoxic/SU5416 insult.
To understand the implications of antieGremlin 1 treatment on lung pathology better, we evaluated vessel muscularization and occlusion, two key drivers in pulmonary hypertension. Therapeutic dosing of antieGremlin 1 mAb had a significant impact on vessel remodeling, reducing the number of fully muscularized vessels, and increasing the number of nonmuscularized vessels, compared to hypoxia/ SU5416eexposed animals. One possible mechanism of action is that the release of Gremlin 1 from the endothelial cell layer may modulate BMP signaling in the smooth muscle cell layer with immediate effects on proliferation and extracellular matrix depositions. Decreased BMP signaling in pulmonary hypertension, due to decreased BMPR2 levels and/or locally high levels of Gremlin 1 could result in increased smooth muscle cell proliferation, potentially through increased transforming growth factor-b signaling responses. 22 Although the effects of the anti-Gremlin mAb on BMP and transforming growth factor-b signaling were subtle in the whole lung, there may be significant local regulation, which impacts BMP signaling and results in changes to cell behavior and remodeling 28 . Analysis of vascular occlusion in the PAH mouse lungs demonstrated a significant reduction in vessel obstruction after therapeutic dosing of the antieGremlin 1 mAb. Once again, this may be mediated by localized changes in BMP signaling, resulting in decreased vascular proliferation, and vessel occlusion, although other mechanisms may contribute to the observed efficacy of antieGremlin 1 mAb treatment. Interestingly, Gremlin 1 has recently been reported to signal through VEGFR 2,28 a pro-angiogenic factor that could drive endothelial cell proliferation and vessel occlusion. Although we failed to demonstrate evidence for increased VEGFR2 phosphorylation in microvascular endothelial cells in response to Gremlin 1 (Supplemental Figure S6 ), this remains a potential mechanism of action for Gremlin 1 in endothelial cells. Although of interest for PAH this potential mechanism of action for Gremlin 1 may Figure 8 Therapeutic effects of anti-Grem1 antibodies on hemodynamics and heart pathology observed in hypoxia/SU5416 (SU) mice. Effects of therapeutic administration of 16E3-2-1 and mIgG1 on development of: RV systolic pressure (RVP; mmHg) (A), RVH (Fulton index, the ratio of RV weight to left ventricular plus septum weight ratio (B), systemic blood pressure (C), RV diastole thickness (D), aortic cardiac output (CO) (mL/min) (E), and heart rate during 42 days of hypoxia (Hx) or normoxia (Nx) exposure (F). Data are means AE SEM for 10 animals per group. Statistical differences are indicated by analysis of variance analysis. *P < 0.05, **P < 0.01, ***P < 0.001. be difficult to delineate in this particular model, which involves exposure to SU5416, a VEGFR2 inhibitor, and hence alternative models, such as the rat monocrotaline PAH model may be required. Given the dysregulation of the BMP signaling pathway in the development of PAH, it is likely that an antieGremlin 1 therapy may exert therapeutic benefit through restoration of BMP signaling. Gremlin 1emediated modulation of BMP signaling has also been implicated in other diseases, including glaucoma, diabetic nephropathy, and pulmonary fibrosis, 29e34 and hence an antieGremlin 1 treatment approach may be considered of interest for treatment of these diseases. Furthermore, Gremlin 1 overexpression has also been associated with pathologies in which alternative mechanisms of action, independent of BMP regulation, may be important. Kim et al 35 describe a BMP independent role for Gremlin 1 in tumor cell proliferation, and they also suggest that the interaction of Gremlin 1 with cancer cells is independent of both BMP and VEGFR2. As mentioned earlier, Gremlin 1 has also been demonstrated to be a VEGFR2 agonist 29 which offers another potential mechanism of action for Gremlin 1 in pathology development.
Conclusion
Our data supports the benefit of an antieGremlin 1 therapy for pulmonary hypertension, particularly in patients with impaired BMP signaling. We demonstrate a positive role for Gremlin 1 in preventing the development of pulmonary hypertension and vascular remodeling in a robust preclinical murine model of PAH. Importantly, we have shown that therapeutic intervention to inhibit Gremlin 1 can attenuate PAH pathology, in particular cardiac hypertrophy, vessel remodeling, and occlusion, suggesting the potential for an antieGremlin 1 approach for the treatment of PAH. ajp.amjpathol.org -The American Journal of Pathology
